In the eukaryotic 26S proteasome, the 20S particle is regulated by six AAA ATPase subunits and, in archaea, by a homologous ring complex, PAN. To clarify the role of ATP in proteolysis, we studied how nucleotides bind to PAN. Although PAN has six identical subunits, it binds ATPs in pairs, and its subunits exhibit three conformational states with high, low, or no affinity for ATP. When PAN binds two ATPgS molecules or two ATPgS plus two ADP molecules, it is maximally active in binding protein substrates, associating with the 20S particle, and promoting 20S gate opening. However, binding of four ATPgS molecules reduces these functions. The 26S proteasome shows similar nucleotide dependence. These findings imply an ordered cyclical mechanism in which two ATPase subunits bind ATP simultaneously and dock into the 20S. These results can explain how these hexameric ATPases interact with and ''wobble'' on top of the heptameric 20S proteasome.
INTRODUCTION
Intracellular protein degradation is an ATP-dependent process that is catalyzed primarily by the 26S proteasome in eukaryotic cells and by the PAN-20S proteasome in archaea (Glickman and Ciechanover, 2002; Goldberg, 2005) . These proteolytic complexes contain a hollow barrel-shaped 20S particle that contains multiple proteolytic sites sequestered inside its central chamber (Groll et al., 1997; Lö we et al., 1995) . This compartmentalization of the active sites prevents nonspecific degradation of cellular proteins and allows highly selective protein degradation through regulation of the entry of substrates into the particle. In eukaryotic cells, this process generally requires ubiquitination of substrates, leading to their selective binding to the 19S regulatory particle, which associates with the 20S to form the 26S proteasome. The entry of protein substrates into the degradation chamber is facilitated in eukaryotes and archaea by hexameric ATPase complexes that associate with the outer ring of the 20S proteasome. These ATPase complexes are members of the AAA family of ATPases and use ATP to catalyze substrate unfolding and translocation into the 20S (Smith et al., 2007; Zhang et al., 2009b) . This process requires ATP binding or hydrolysis at multiple steps in order to facilitate substrate entry into the 20S particle and to overcome the steric barriers imposed by the architecture of the proteasome and the structure of the folded substrate (see below). Due to the importance of these ATPases, detailed knowledge about how they utilize ATP in these multiple steps is essential to understand how the proteasome catalyzes efficient protein degradation.
The 20S proteasome is composed of 28 subunits arranged in four stacked heptameric rings (Groll et al., 1997; Lö we et al., 1995) . In the eukaryotic 20S, seven distinct (but homologous) b subunits comprise the two identical inner rings and contain the proteolytic active sites, and seven distinct a subunits comprise the two outer rings. The 20S proteasomes from archaea have similar structures, but its 7a subunits are identical, as are its 7b subunits. Protein substrates can only enter and peptide products can only exit the 20S particle through a narrow 13 Å translocation channel at the center of the a rings. Due to its small diameter, substrates must be unfolded and linearized before they can thread through this pore and enter the central degradation chamber. Substrate entry is tightly regulated and is normally blocked by the N termini of the a subunits, which interact to form a gate.
To stimulate degradation by the 20S proteasome, the ATPases in the 19S particle or the homologous archaeal PAN ATPase complex serve five essential functions: (1) they associate with the 20S particle, (2) they selectively bind the substrate, (3) they cause the gated substrate entry channel in the 20S to open, (4) they unfold globular or partially folded proteins, and (5) they facilitate the translocation of the unfolded substrate through the ATPase ring into the 20S particle. The substrate unfolding step is the only step in this process that actually requires ATP hydrolysis (Smith et al., 2005 (Smith et al., , 2006 , whereas the other steps can be supported by ATP binding alone.
Several different types of models have been proposed for nucleotide binding and exchange for the different AAA+ ATPases (Augustin et al., 2009; Briggs et al., 2008; Hersch et al., 2005; Singleton et al., 2000) . In principle, these hexamers may function in a concerted manner (e.g., whereby all subunits bind, hydrolyze, and then release nucleotides simultaneously) or in a nonconcerted manner in which the different subunits within the ring bind and hydrolyze nucleotides at distinct times (Ogura and Wilkinson, 2001) . Such a binding exchange reaction requires an allosteric system whereby different subunits regulate each other's behavior. Up to four different nucleotide states have been observed for a single AAA subunit: (1) ATP bound, (2) a transition state in which ADP-Pi is bound, (3) ADP bound, and (4) no nucleotide bound. Presumably, each of these states affects the conformation and function of the neighboring subunits in a distinct fashion so that ATP hydrolysis occurs in a nonconcerted or sequential manner around the hexameric ring. However, it has also been demonstrated that a highly modified AAA+ ATPase (i.e., ClpX) can hydrolyze ATP in a noncyclical fashion, suggesting that nonpatterned or stochastic hydrolysis is possible (Martin et al., 2005) . These different ATPases are difficult to study quantitatively because the different states of the subunits are highly dynamic and are often heterogeneous. One valuable approach has been to use nonhydrolyzable analogs of ATP to freeze the active, ATP-bound state or ADP to capture the ATPase in the inactive conformation. If nonhydrolyzable nucleotides can bind to only some of the six subunits, it would rule out concerted mechanisms that require simultaneous nucleotide binding to all subunits and a completely stochastic mechanism whereby subunits could behave independently of one another.
The PAN-20S complex offers many advantages for studying the roles of ATP to help understand the functioning of the 26S proteasome. Although the 19S particle contains six different (but homologous) ATPases, PAN, like nearly all other AAA ATPases, is a hexameric ring composed of identical ATPase subunits. Although binding of ATPgS to PAN is sufficient to support its association with the 20S as well as opening of the gated 20S channel (Smith et al., 2005) , the number of nucleotide molecules that must bind to induce complex formation and gate opening is unknown. PAN and several of the 19S ATPase subunits contain an essential ''HbYX'' motif on their C termini that, upon ATP binding, docks into pockets in the 20S a ring and functions like ''keys in a lock'' to stimulate gate opening. Peptides corresponding to the ATPases' C termini that contain this motif can bind similarly and by themselves trigger gate opening (Smith et al., 2007; Rabl et al., 2008) .
Because ATP binding is required for these ATPase-20S interactions, it is very likely that the subunits that bind ATP (or ATPgS) are the ones whose C termini dock into these pockets. If nucleotides bind to only some of the six ATPases (e.g., in a nonconcerted binding exchange reaction), then only a fraction of the ATPases' C termini may dock into the 20S proteasome at any one time. Therefore, determining the stoichiometry and interdependence of nucleotide binding to the six ATPases may help us to understand another fundamental mystery about the proteasome-how the hexameric ATPases' six C termini can interact with and regulate the heptameric 20S proteasome (the ''symmetry mismatch'' problem).
RESULTS

ATP Dependence of Protein and Peptide Degradation by the PAN-20S Complex
To determine how the concentration of ATP influences PAN's capacity to stimulate degradation of different types of substrates by the archaeal proteasome, we assayed the degradation of: (1) a fluorogenic nonapeptide substrate, LFP ( Figure 1B ), whose hydrolysis requires only gate opening (Smith et al., 2005) ; (2) the inherently unstructured protein, b-casein ( Figure 1C) ; and (3) the tightly folded globular protein GFP-ssrA ( Figure 1D ). Whereas the degradation of all of these substrates is stimulated by ATP, the degradation of peptides and unfolded proteins does not require ATP hydrolysis but only ATP binding (i.e., it is supported by ATPgS), whereas the degradation of GFP-SsrA requires ATP hydrolysis for unfolding (Benaroudj and Goldberg, 2000; Smith et al., 2005) . Nevertheless, we found that very similar concentrations of ATP were required to support the degradation of each of these substrates. Specifically, the concentration of ATP to support half-maximal degradation rate (Kobs) for LFP was 233 mM, for 14 C-casein 224 mM, and for GFP-ssrA 302 mM.
When rates of ATP hydrolysis by PAN were measured, the Km for ATP was 263 ± 18 mM ( Figure 1A ). This value resembles closely the ATP concentrations that support half-maximal rates of proteolysis, and even breakdown of peptides and unfolded proteins, which requires only ATP binding. The likely explanation for this agreement is that the duration of the ATP-bound state is limited by how quickly the bound ATP is hydrolyzed to ADP, which causes a loss of affinity of PAN for the 20S and gate closing. Thus, binding of a new ATP is required to maintain this active complex. Because ATP must bind to be hydrolyzed, an increase in the rate of ATP hydrolysis (with increasing concentrations of ATP) implies that there must also be an increase in the fraction of subunits with ATP bound. Accordingly, the extent of 20S gate opening directly correlates with the rate of ATP hydrolysis in a linear fashion with an excellent fit (R 2 = 0.998). These arguments predict that ATPgS, which maintains PAN in the ATP-bound form, should be more efficient than ATP in stimulating peptide degradation, as we observed previously (Smith et al., 2005) . Thus, although ATP hydrolysis to ADP diminishes P-ATP. A rapid spin gel filtration (G50) was used to quickly separate PAN and the bound nucleotide from the free nucleotide. The amount of recovered protein and the amount of bound radioactive ligand were quantified and used to calculate the number of nucleotides bound per hexamer (Menon and Goldberg, 1987) . PAN bound a maximum of only four ATP molecules per hexamer (Figure 2A ), even at saturating concentrations of ATP. This result is consistent with observations for other AAA family members in which substoichiometric binding of nucleotides to the hexameric ring was also observed (Horwitz et al., 2007; Hersch et al., 2005; Schumacher et al., 2008; Singleton et al., 2000) . The observed K d for nucleotide binding was 13 mM, which is significantly lower than the K m observed for PAN's ATPase activity, for gate opening, and for proteolysis (224-302 mM). Because ATP is hydrolyzed to ADP, this effective Kd value must primarily reflect the combined on rates of ATP and the off rates for ADP.
Bound ATP Is Rapidly Hydrolyzed, Even at 4 C, and ADP Remains Bound To determine the nature of the nucleotide that is bound to PAN after incubation with 32 P-ATP, we isolated PAN with bound nucleotides and used thin layer chromatography to analyze the eluate.
When the binding reaction and isolation were carried out at 25 or even at 4 C, we could only detect ADP bound to PAN ( Figure 2B ). This result was surprising because ATP hydrolysis by PAN cannot be detected at either of these temperatures (data not shown). Therefore, even at 4 C, PAN rapidly catalyzes a single round of ATP hydrolysis, after which the ADP remains tightly bound.
Because only four ADP were bound at saturating ATP concentrations, we tested by a similar method if PAN could bind more ADP when it was added at saturating concentrations ( Figure 2B ). Even at 500 mM 14 C-ADP, the PAN hexamer still only bound four ADP molecules per hexamer, suggesting that a negative allostery prevents binding to two of PAN's subunits. Because we measured ATP binding using a-32 P-ATP, the presence of the bound 32 P-ADP did not indicate whether the generated Pi moiety remained bound to PAN. We therefore carried out a similar experiment with g-32 P-ATP to follow the fate of 32 P. No radioactivity was eluted with PAN nor were there any other 32 P spots on the thin layer chromatograph (data not shown). Thus, in contrast to the ADP, the free Pi moiety is released by PAN quickly after ATP hydrolysis.
ATPgS Binding Induces Three Different Subunit Conformations in PAN Because PAN rapidly hydrolyzes ATP to ADP even at 4 C, we used the nonhydrolyzable analog, ATPgS, to measure the stoichiometry of ATP binding. Using the same technique, we isolated PAN bound to 35 S-ATPgS at different ATPgS concentrations ( Figure 3A ). Although the binding curves for ATP showed typical saturation kinetics, surprisingly, the binding curve for ATPgS was multiphasic, with two clear saturation plateaus (Figure 3A) . This result indicates that the PAN homohexamer contains at least two distinct types of ATPgS-binding sites, one type with high affinity (Kd = $0.493 mM) and one with low affinity (Kd = $113 mM). Moreover, when the number of nucleotides bound was calculated, we found that only two nucleotides bound to the high-affinity site (2-bound state) and two more nucleotides bound to the low-affinity sites (4-bound state). Because PAN is composed of six identical subunits around a ring, this result implies that binding of ATP to the high-affinity subunit(s) induces a conformational change in the other subunits that decreases their affinity for nucleotides and reduces or prevents ATPgS binding. Thus, PAN subunits must exist in three different conformations: (1) one with high affinity for ATPgS, (2) one with low affinity, and (3) one that cannot bind ATPgS.
PAN Stimulates Proteolysis and Gate Opening Better in the 2-Bound Than in the 4-Bound State
Because PAN can exist in two different ATPgS-bound states and ATPgS binding stimulates PAN-20S association and gate opening, we tested whether these functions differ in the 2-bound and 4-bound states. Because the stimulation of LFP hydrolysis requires PAN-20S association and gate opening, we examined how the rate of LFP hydrolysis was affected over a large range of ATPgS concentration. At low concentrations in which PAN is in the 2-bound state (compare Figures 3A and 3B ), PAN maximally stimulated LFP degradation. Surprisingly, at higher ATPgS concentrations in which PAN is in the 4-bound state, the rate of LFP degradation decreased by about 25%. When a similar experiment was carried out with 14 C-casein as the substrate, similar results were obtained ( Figure 3C ). In the 2-bound state, casein degradation was maximal, but in the 4-bound state, PAN's ability to activate casein degradation was diminished by about 20%. Therefore, PAN's ability to catalyze the degradation of peptides and unfolded proteins was maximal with 2-ATPgS bound, but these activities are reduced when PAN binds two additional ATPgS molecules. 
The 2-Bound State Has a Higher Affinity for the 20S Than the 4-Bound State
This fall in PAN's activity in the 4-bound state could be due to a decrease in PAN's affinity for the 20S or a decrease in the ability to cause gate opening. To determine whether PAN's affinity for the 20S differed in the 2-bound and 4-bound states, we used surface plasmon resonance (SPR) to monitor its affinity for the 20S. We attached the 20S proteasome to the surface of the SPR chip via its b-His tag and flowed PAN over the 20S without any nucleotide present or with ATPgS at two concentrations that correspond to the 2-bound or 4-bound states. In the 2-bound state, PAN's affinity for the 20S was maximal, but in the 4-bound state, its affinity was reduced by about 25% (Figure 3D) . Therefore, the falloff in PAN's ability to stimulate the degradation of peptide and protein substrates in the 4-bound state correlates well with and probably results from the decrease in its association with the 20S proteasome.
Binding of Protein Substrates to PAN Depends on ATP Because PAN's abilities to associate with the 20S and stimulate gate opening were both greater in the 2-bound than the 4-bound state, we investigated whether PAN's other functions in protein degradation also differed in these two conformations. Because protein unfolding by PAN requires ATP hydrolysis, this function cannot be studied with ATPgS. However, the binding of protein substrates to PAN, which stimulates its ATPase activity (Smith et al., 2005 Benaroudj et al., 2003 , must precede unfolding and degradation and may also require bound ATP. To test whether protein substrates have a higher affinity for PAN in the ATP-bound state than in the ADP-bound state, we developed a method to monitor protein binding to PAN using fluorescence polarization with FITC-tagged casein or GFP-ssrA.
We used fluorescent polarization to detect such changes in FITC-casein and GFP-ssrA association with PAN. Although ADP did not cause a polarization of FITC-casein, ATP (1 mM) caused a small but highly reproducible 7 mP change in polarization ( Figure 4A ). When ATPgS (1 mM) was added, a much larger (56 mP) change in polarization was observed. Presumably, this effect of ATP was small due to its rapid hydrolysis to ADP. Therefore, the binding of ATPgS, and presumably ATP, to PAN stimulates the association of FITC-casein with PAN. In similar fluorescence polarization experiments with GFP-ssrA as the ligand, we found that ADP also had no effect, but ATPgS markedly stimulated polarization of GFP-ssrA ( Figure 4A ) as well as of a fluorescamine-conjugated ssrA peptide, but not a ssrA variant incapable of binding (data not shown). (Because PAN + ATP unfolds GFP-ssrA, we could not assay binding with ATP present.)
Substrate Binding Is Greater in the 2-Bound Than in the 4-Bound State Because substrate association with PAN is dependent on nucleotide binding, we tested whether this function of PAN also differed in the 2-and 4-bound states by comparing the change in polarization of FITC-casein (0.1 mM) or GFP (0.09 mM) at different concentrations of ATPgS. Low ATPgS concentrations (i.e., the 2-bound state) supported maximal FITC-casein (Figure 4C ) and GFP-ssrA ( Figure 4D ) association with PAN, but at higher concentrations (i.e., the 4-bound state), binding of both substrates was diminished. These curves thus resemble closely our earlier observations on other PAN functions (i.e., stimulation of peptide and protein hydrolysis and 20S association).
Unfortunately, in these fluorescence polarization assays, PAN had to be used at a concentration of 6 mM PAN monomer (which is much greater than its Kd for ATPgS) and was therefore done C-ADP (100 mM) and determined how many ADP molecules were bound to PAN. As found with ATP and ATPgS, PAN bound four ADPs even at saturating concentrations ( Figure 5A ). After incubation with 14 C-ADP, we added 50 mM nonradioactive ATPgS, which when ADP is not present, results in 2-ATPgS molecules binding to PAN (Figure 3) . After the addition of 50 mM ATPgS to PAN that was saturated with 14 C-ADP, exactly two molecules of ADP were displaced from PAN. Because the binding of two molecules of ATPgS is required to displace two ADP molecules, PAN must simultaneously bind two molecules of ADP and two molecules of ATPgS. In addition, we monitored the dissociation of the fluorescent analog of ADP, mant-ADP (m-ADP), in real time, starting with saturating concentrations of m-ADP (50 mM). When PAN binds m-ADP, its fluorescence increases, and adding saturating concentrations of other nucleotides can prevent the rebinding of dissociated m-ADPs to PAN. When 50 mM ATPgS was added, $50% of the ADP dissociated as was expected based on the results in Figure 5 and Figure S2A available online. When 1 mM ATPgS was added, the m-ADP fluorescence decreased to basal levels, and adding an additional 1 mM ADP (with the ATPgS present) had no further effect, suggesting that all of the prebound m-ADP had been displaced from PAN. Thus, the four prebound ADPs can be completely displaced from PAN when the two high-and two low-affinity ATP sites are occupied with ATPgS.
To determine whether the 2 ADP-2 ATPgS state functions like the 2-bound or the 4-bound state and to confirm that two ATPgS were bound in this mixed state, we assayed PAN's ability to The rate of suc-LLVY-amc (100 mM) hydrolysis by rabbit 26S proteasome (1 mg/ml) was monitored at increasing concentrations of ATPgS. The data are the means of three or more independent experiments ± SD. See also Figure S1 .
stimulate gate opening. Whether PAN was in the 2-bound (i.e., 50 mM ATPgS) or the 2 ATPgS + 2 ADP state (i.e., 50 mM ATPgS + 100 mM ADP), it stimulated gate opening (LFP hydrolysis) to the same extent ( Figure 5B ). This result confirms that two ATPgS replaced two ADP because two ADPs were released and ATPgS binding is required to stimulate LFP degradation. Thus, PAN appears to function optimally, either with two molecules of ATPgS bound or with two molecules of ATPgS and two of ADP bound. Presumably, this condition mimics the active state in vivo or in vitro when ATP is being hydrolyzed to ADP.
ADP Dissociation Is the Rate-Limiting
Step in ATP Hydrolysis PAN appears to be most active with two ATPs and two ADPs bound in the steady state, but what might trigger the binding of new ATPs after ATP hydrolysis occurs? Presumably, because no more than four nucleotides can ever bind to the hexamer, the empty subunits cannot bind new ATPs until two ADPs have left. To test this hypothesis, we measured the off rate of ADP in real time using m-ADP. 5 mM PAN was incubated with 25 mM m-ADP (i.e., enough to generate near-maximal fluorescence; data not shown) followed by addition of saturating ADP (2 mM) or ATPgS (2 mM) ( Figures S2B and S2C) . A rapid decrease in the fluorescence of m-ADP was observed that fit to an exponential decay curve. The off rate in the presence of ADP was estimated to be 0.24 ± 0.05 (sec À1 ), and thus the four ADP on PAN have a bound half-life of 3 ± 0.6 s ( Figure S2C ). The ADP off rate in the presence of ATP was similar, with a dissociation constant of 0.26 ± 0.06 (sec À1 ) or a bound half-life of 2.7 ± 0.6 s. When the m-ADP dissociation curves with ATP and ADP were overlaid on the same graph ( Figure S2D ), it was clear that ATP and ADP caused similar rates of m-ADP release. Therefore, ATP hydrolysis does not appear to accelerate ADP leaving and, by extension, must not promote the binding of new ATPs. Because PAN in the ADP-saturated state has four ADPs bound and it takes $3 s for two (50%) of them to leave, this implies that an ADP molecule dissociates every 1.5 ± 0.6 s. Because the rate of ADP dissociation is equivalent to the rate of ATP hydrolysis ($1/second at 37 C), it is likely that ADP dissociation is the rate-limiting step in ATP binding and hydrolysis.
Like PAN, the 26S Proteasome Exhibits High-and Low-Affinity Binding Sites for ATPgS Because many insights about the role of ATP in the functioning of the PAN-20S complex apply to the eukaryotic 26S proteasome (Smith et al., 2005 (Smith et al., , 2007 Zhang et al., 2009a Zhang et al., , 2009b , we tested whether the 26S ATPases display a similar multiphasic dependence on nucleotide concentration. Because 26S particles are heterogeneous and include singly and doubly capped populations, the number of bound nucleotides could not be determined accurately. Instead, we monitored the degradation rate of different fluorogenic substrates at different ATPgS concentrations to determine whether gate opening by the 26S ATPases is more efficient at low than at high concentrations. 26S proteasomes purified from bovine liver or yeast were studied, and the hydrolysis of suc-LLVY-amc and suc-GGL-amc was used to monitor gate opening. Two clear phases were observed, a maximal activation at low concentrations and a reduced activation at higher concentrations ( Figures 5C and 5D ), exactly as was found with the PAN-20S complex.
We also determined whether the 26S proteasome, like PAN, preferentially bound FITC-casein in the ATP-bound state using ATPgS and monitoring FITC polarization ( Figure S1 ). In fact, the binding of FITC-casein to the 26S was maximal when the high-affinity ATPgS-binding sites were occupied (50 mM ATPgS) and was reduced when the low-affinity sites were also occupied (2 mM ATPgS). Thus, the 26S ATPases also contain high-and low-affinity binding sites for ATPgS, whose Kds were nearly identical to those found for PAN. Furthermore, ATP binding to the high-affinity sites allows for maximal gate opening and protein binding, whereas additional binding to fill the low-affinity sites decreases these critical functions. Therefore, the six 19S ATPases, Rpt1-6, must bind nucleotides and activate gate opening and protein association in a very similar fashion as does PAN. The homologous archaeal and eukaryotic ATPases thus appear to bind and hydrolyze ATP with similar allosteric mechanisms, even though one is a homohexamer and the other a heterohexamer with many associated proteins.
DISCUSSION
Due to the structural and functional complexity of the 26S proteasome, it is difficult to deconstruct its ATP-dependent operations into simpler mechanistic steps. A full understanding of these mechanisms requires precise knowledge of how the regulatory ATPases bind and hydrolyze ATP. PAN utilizes ATP in a similar fashion to the several other AAA ATPases that have been characterized: (1) it hydrolyzes ATP slowly ($1/sec), (2) it is stimulated by substrate binding (Benaroudj et al., 2003) , (3) it hydrolyzes ATP in a nonconcerted manner, and (4) it exhibits three different types of nucleotide-binding sites, even though it contains a single type of subunit. Therefore, we could define the functional effects of substoichiometric ATP binding to PAN in ways that would not have been possible with other AAA ATPases. The presence of different types of nucleotide-binding sites in homohexameric AAA ATPase complexes has been reported previously (Hersch et al., 2005; Singleton et al., 2000; Yakamavich et al., 2008; Zalk and Shoshan-Barmatz, 2003) . This binding asymmetry must originate from the binding of a nucleotide to one subunit causing conformational changes in the neighboring ones that then differ structurally from the original ATPbound subunit. However, because these subunits are in a ring and each has two neighbors, a change in the conformation of one must induce a change in one or both of its neighbors. One structural feature of AAA ATPases that has such influence is the arginine finger (Lupas and Martin, 2002) , which allows one subunit to detect a bound nucleotide in its neighbor. Thus, each subunit's conformational status can continuously influence its neighbors' so that allosteric changes can perpetuate around the ring, provided that the necessary energy is available from ATP binding and hydrolysis to drive these cyclical transitions. Because this cycle of conformational changes can drive the many different activities that the AAA ATPases catalyze, elucidating the common pattern of ATP turnover is critical in understanding their functions.
Nucleotides Bind to PAN in Pairs PAN's subunits exhibit three different types of conformations with two subunits simultaneously assuming each conformation: (1) one that binds ATPgS with high affinity, (2) one that binds ATPgS with low affinity (presumably the sites normally containing ADP), and (3) one that fails to bind any nucleotide. In addition, the binding of the first two ATPgS molecules to the highaffinity sites is cooperative (h = 1.6), as is the binding to the low-affinity sites (h = 2.4). Thus, binding of the first ATPgS to a subunit allosterically alters another subunit that promotes the binding of the second ATPgS. The fact that PAN exhibits positive cooperativity for ATPgS for two different subunit conformational states supports two conclusions: (1) nucleotides bind in pairs because binding of the first ATPgS to a high-affinity site promotes the binding of a second, as also occurs in occupancy of the low-affinity sites and (2) this cooperativity implies that the subunits' conformations are induced by binding of the first nucleotide and thus do not preexist in the nucleotide-free state. In addition, when four nucleotides of any kind are bound to PAN, the fifth and sixth subunits must be in a conformation that cannot bind nucleotides. Some subunit conformations therefore restrict the conformational possibilities of the neighboring subunits. Thus, these complexes appear to function with specific operational restrictions that govern the binding pattern of ATP, such that an ordered pattern of ATP hydrolysis will emerge.
Though we initially utilized ATPgS instead of ATP, the two high-affinity subunits presumably bind ATP, and the two lowaffinity ATPgS sites are the sites where ADP would be bound when generated by hydrolysis. In contrast to ATPgS, ADP binding to these low-affinity sites does not reduce the enzyme's maximal activity ( Figure 5) . Therefore, the presence of the first two ATPs on PAN induces a conformational change in two other subunits that allows ADP binding but inhibits the binding of ATP. The sensor II motif on AAA ATPases seems likely to communicate such structural transitions between neighboring subunits because it is required for several AAA enzymes to change their conformations upon ATP binding (Hattendorf and Lindquist, 2002; Ogura and Wilkinson, 2001 ). It is difficult to determine whether the conformation of the empty subunits is induced by ATPgS binding to the high-affinity or low-affinity sites because assaying the empty subunits requires the presence of nucleotides in both of the other conformations. However, clearly both ATP and ADP can induce this empty conformation because neither of these nucleotides can occupy more than four subunits.
ATP Hydrolysis by Pairs of Subunits Acting in Concert
Because ATP binding occurs in pairs and is cooperative for both the high-and low-affinity sites, ATP molecules are also most likely hydrolyzed in pairs by subunits functioning in concert. Presumably, as ATP is hydrolyzed in a single subunit, the new ADP likely induces a further conformational change in the other ''paired'' ATP-bound subunit, promoting its hydrolysis to ADP, as nucleotide binding to the low-affinity sites (ADP sites) is highly cooperative (Figure 3) . Thus, not only is ATP binding a coupled event, but also ATP hydrolysis appears to be coupled. This hexameric organization and coupled behavior of paired subunits are most likely critical in the conversion of the energy from ATP hydrolysis into mechanical work. For example, if the various subunits hydrolyze ATP individually, then their force-delivering domains (e.g., pore loops that are thought to translocate substrates) are likely to function only as isolated events to ''swat'' at substrates. However, if two subunits hydrolyze ATP in concert and thus move together, a more efficient mechanism can be applied to grab substrates to deliver force to drive substrate translocation and unfolding.
The cyclical arrangement of these ATPase subunits and their high degree of positive and negative allostery suggest that ATP hydrolysis occurs in a specific pattern during normal functioning, although this pattern may not be rigidly adhered to. In fact, rigid adherence to one pattern could impair the functioning of the complex, especially in instances in which substrates resisted unfolding or translocation. Martin et al. (2005) elegantly showed that the ClpX ATPase could still hydrolyze ATP (albeit at very impaired rates) even when only one of its six subunits was active. Therefore, a single subunit appears capable of sampling the ATP-bound, ADP-bound, and empty states, even in the absence of dynamic conformational influences from neighboring subunits (although their experiments cannot rule out that inherent ATP binding and dissociation from the mutated subunits did not cause the critical conformational changes). However, these findings with a single active subunit do not imply that ATP hydrolysis is normally a completely random process. For a hexameric complex to hydrolyze ATP purely stochastically, the function of each subunit must be uncoupled from the others, and there should be no subunit-subunit communication or cooperativity, which is obviously not the case for PAN and the other well-characterized AAA+ ATPases.
An Ordered Pattern of ATP Hydrolysis
Because PAN cannot simultaneously bind nucleotides on all six of its subunits, some fundamental mechanism must govern which subunits can bind which nucleotides. If one PAN subunit binds ATP, then the conformations of its neighbors must be restricted to certain states because no more than two subunits can simultaneously assume the high-affinity state. Therefore, the conformation of one subunit must limit the possible conformations of its neighbors and their capacity to bind ATP. Three observations argue strongly that PAN subunits (and presumably other AAA family members) hydrolyze ATP in a specific pattern: (1) the complex binds ATP in pairs, (2) the subunits coexist in three conformational states, and (3) PAN in its maximally functional state has two subunits with ATP bound, two with ADP, and two lacking nucleotides. There is only a finite number of ways that two ATP molecules can bind around a hexameric ring, and these three observed properties eliminate several possible patterns. The ''binding in pairs'' observation rules out a purely concerted mechanism whereby all subunits hydrolyze ATP simultaneously.
A pair of ATPs can only bind a hexameric ring in three ways: to adjacent subunits (''ortho''), to two subunits with an empty subunit in between (''meta''), or across the ring from one another (''para'') ( Figure 6A ). We can distinguish between these three possibilities if we make a simple assumption-after ATP binds to a subunit, its conformation always induces the same conformational state in the adjacent subunits that differ from its own conformation (e.g., the ATP-bound subunit always causes the counterclockwise subunit to assume the ADP-bound state). Only para-binding of ATP is consistent with this simple assumption and with the finding that nucleotides bind in pairs. Both ortho-and meta-binding require that the ATP-bound subunits induce multiple types of conformations in the same neighbor, which would not be consistent with a complex containing six subunits that strictly exhibit three pairs of different conformational states. This requirement implies that one conformation always determines those of its neighbors and seems most plausible for identical subunits that cycle through ATP-driven conformational changes around a homohexameric ring.
Moreover, this initial ATP binding pattern predicts that a cyclical pattern of ATP hydrolysis is most likely to emerge (Figure 6B ). The simplest model to explain these results is that ATP binding to one subunit induces the ADP-bound state in one of its neighbors and the nucleotide-free state in the other. As a result, the following nucleotide binding exchange model seems most likely: (1) the bound ATP is hydrolyzed to ADP with rapid release of the free phosphate ( Figure 2C ), (2) the previously bound ADP in the neighboring subunit is released, generating an empty site, and (3) ATP could then bind to the initially empty site. Then, the cycle would repeat. Because ADP leaving must precede the binding of a new ATP pair (because PAN cannot bind more than two pairs of nucleotides), ADP release would be expected to be the rate-limiting step that allows a new ATP to bind, as we observed (Figures S2B-S2D) . Such a cycle could still function if one subunit stalls or fails to hydrolyze ATP because ATP binding to a new empty subunit would reestablish a new pattern and allow repeated rounds of ATP hydrolysis to continue.
Several highly relevant mutations have been generated in the subunits in the para positions in bacterial ClpX ATPase by Martin et al. (2005) , and extrapolation to PAN seems justified because these AAA+ ATPases share considerable homology in their ATPase domains and subunit-subunit interfaces (i.e., in the sensor II and arginine fingers domains). Although all such mutations reduce ATPase function, para sensor II mutations that prevent conformational changes upon ATP binding had twice as much activity as para mutations that prevent ATP hydrolysis but allow ATP binding and the resulting conformational changes (Martin et al., 2005) . Accordingly, our model predicts that ATP binding to para subunits without hydrolysis should prevent further ATP binding to the adjacent WT subunits. In other words, allowing ATP-induced conformational changes in the para subunits actually inhibits ATP hydrolysis in the other WT subunits (Martin et al., 2005) . Furthermore, similar para mutations that are counterclockwise to the WT subunits impair ATP hydrolysis in the WT subunit (Martin et al., 2005) . On this basis, it seems most likely that ATP induces an empty subunit specifically in the clockwise neighbor and an ADP-bound subunit in the counterclockwise neighbor, thus establishing a clockwise directionality for the ATPase cycle.
Further support for this nucleotide binding change model comes from the crystal structures of other hexameric AAA+ ATPases, all of which show substoichiometric amounts of bound nucleotides (Glynn et al., 2009; Singleton et al., 2000) . In fact, Singleton et al. proposed a similar nucleotide binding model (with ATP-binding subunits positioned across the ring from each other) for the T7 gene 4 ring helicase. Interestingly, this homohexamer displays a ''dimer of trimers'' conformational symmetry, suggesting a substoichiometric nucleotide binding pattern around the ring. The crystal structure of mutated, linked ClpX also shows a similar dimer of trimers structure (Glynn et al., 2009) . Though similar nucleotide exchange reactions have been suggested by others (Hersch et al., 2005; Schumacher et al., 2008; Singleton et al., 2000) , albeit without evidence of distinct functional consequences, the crystal structures of some AAA ATPases (e.g., HslU [Bochtler et al., 2000; Sousa et al., 2000; Yakamavich et al., 2008] ) revealed seemingly promiscuous binding patterns for ATP analogs or ADP. An unambiguous elucidation of the binding exchange reactions for those ATPases has proven difficult because the number of nucleotides bound per hexamer has rarely been determined to a definite integer value (i.e., prior results could not distinguish between three or four nucleotides per hexamer). This ambiguity has made it impossible to reach conclusions regarding their binding exchange reactions. In contrast, here, we have been able to obtain unambiguous values for the number of nucleotides bound to PAN and to demonstrate directly that a single homohexamer can exhibit two different types of ATP-binding sites. These properties have allowed us to generate a clearer nucleotide binding exchange model for the AAA ATPases than was possible previously. Paired ATP Binding Implies that Only Two ATPases' C Termini Dock into 20S at Any Time A longstanding mystery regarding the structure and function of the 26S and the PAN-20S complex is the symmetry mismatch problem-how can the six ATPase subunits interact with and regulate the seven subunits in the proteasome's outer ring? It is well established that the ATPases' C termini dock into the intersubunit pockets in the a ring to induce gate opening (Smith et al., 2007) , but the number of C termini and number of pockets interacting at any instant are unclear. Because ATP binding induces this association of the C-terminal HbYX motif with these pockets, it is very likely that the subunits whose C termini associate with the proteasome are those subunits with a bound ATP. Accordingly, in the homologous ATPase, HslU, ATP binding to subunits leads to exposure of the buried C termini (Sousa et al., 2000) . The present findings therefore imply strongly that, at any time, only two of the ATPases in the hexameric ring ever associate with 20S. In fact, maximal gate opening was observed with two ATPgS bound to the complex ( Figures 3A and 3B and Figure 7B ). As discussed above, it is most likely that the ATP-binding pair lie across the ring from one another, and therefore at any instant, it is these para-positioned C termini that dock into the 20S pockets.
If true, then the distance between PAN's para-positioned C termini and the respective 20S intersubunit pockets must be similar. Although no information is available concerning the distances between PAN's C termini, there is structural information about the C termini of the homologous ATPase, HslU (whose C termini are exposed upon ATP binding [Sousa et al., 2000] ), as well as the distances between the intersubunit pockets in archaeal 20S. Interestingly, the distance between HslU's para C-terminal carboxyl groups in the ATP-bound form is 65 Å (Figure 7C, left 1G3I) , whereas that between Lys66 in the intersubunit pockets across the 20S a ring, with which PAN's C termini interact (Yu et al., 2010) , is 68 Å (3IPM, see Figure 7C , middle). Because the distance between the C-terminal carboxyl group and the NH 2 group of the 20S's lysine 66 is 2.5 Å , these distances are nearly ideal for the two para C termini to interact with these lysines in the opposing 20S intersubunit pockets ( Figure 7C,  right) . (B) Because ATP binding to PAN drives PAN-20S association and because only two para subunits bind ATP, it is likely that only these two para C termini interact with the 20S pockets at any instant. When four ATPgS bind, it is likely that four C termini are extended to dock with the 20S, but this form has a reduced 20S affinity probably caused by steric problems (see Figure 3D ). (C) X-ray structures demonstrate how PAN's para-positioned C termini can dock into the 20S intersubunit pockets without steric hindrance. Because crystal structures with PAN's C termini are not available, we used the structure of the PAN homolog HslU as a model. The distance between carboxy groups on para C termini (left) and the Lys66 g amine group in the indicated 20S intersubunit pockets (middle) are compatible, as shown by manual docking HslU's para C termini to the 20S a ring (right), which shows the para C termini (green) docked into two pockets without clashes. In this mode, the other (non-para) C termini (Red) would clash with residues in the 20S. Surface-rendered structures and distance calculations were generated with Pymol (DeLano Scientific).
Paired ATP Binding Explains Wobbling of the ATPases Ring on the 20S
This conclusion leads to two key predictions that can account for prior observations on the structures of archaeal and eukaryotic ATPase-20S complexes: (1) that the central axes of the ATPase and the 20S cannot be aligned due to the symmetry mismatch of the rings and (2) that the ATPase rings can have only limited and dynamic contacts with the 20S. As ATP is hydrolyzed, new pairs of para subunits must bind ATP, and their C termini associate with different pockets in the a ring, allowing the ATPase ring to ''wobble'' on top of the 20S. Electron micrographic evidence for ''wobbling'' of the ATPases on the 20S has been presented for PAN (Smith et al., 2005) and the 26S proteasome (Walz et al., 1998) . Recently, Baumeister's group showed that, in the 26S, the 19S base is also positioned off axis relative to the 20S proteasome (Nickell et al., 2009) , and upon careful inspection of our prior EM images (Smith et al., 2005) , we found that PAN is also situated off the 7-fold axis of the 20S. Therefore, both predictions based on the para-position binding of ATP and the para C-terminal interactions are consistent with the structures of the PAN-20S and 26S complexes.
Suboptimal Function of the 4-Bound State May Result from Steric Hindrance of the ATPase-20S Interaction
The surprising finding that PAN with two ATPgS bound had a higher affinity for the 20S than with 4 ATPgS (Figure 3) suggests that the number and arrangement of PAN's C termini that dock into the 20S are critical in determining this affinity. Thus, when two ATPgS are bound, presumably in the para positions (Figure 7B ), PAN's affinity for the 20S is strongest. However, when four ATPgS are bound and four C termini are available for 20S interactions, the affinity is reduced. Interestingly, as shown in Figure 7C (right), the structural arrangement of PAN's four C termini is less compatible sterically with docking into the 20S's seven pockets than the binding of only two para C termini. These steric considerations for the PAN-20S interactions should also apply to the eukaryotic 26S because of their close structural homologies (Zhang et al., 2009a) and in both cases can explain the reduction in gate opening in the 4-bound state.
Implications for Functioning of the Heteromeric 26S ATPase Ring
In the 26S, gate opening and binding of the unfolded polypeptide, FITC-casein, show very similar biphasic dependence on ATPgS as we found for the PAN-20S complex, and in both, these activities were maximal only when the high-affinity sites were occupied. Like PAN and the 20S, the eukaryotic 19S and 20S associate when ATP is present and dissociate in its absence, but the association and dissociation kinetics are much slower for the 26S complex (Liu et al., 2006; Smith et al., 2005) . Possibly, there are inherent differences between the ways that the 19S ATPases (Rpt1-6) and PAN associate with the 20S. PAN's six identical C termini share two roles: to induce gate opening and to promote association with the 20S. By contrast, the different 19S C termini seem to perform only one of these two roles. Only Rpts 2, 3, and 5 contain the gate opening HbYX motif, and mutations in them cause gating defects but do not reduce 26S stability (Smith et al., 2007) . However, the non-HbYX C termini, Rpt 1, 4, and 6, are required for the 19S-20S interaction and thus 26S assembly (Park et al., 2009; Smith et al., 2007) . Thus, the C termini of the non-HbYX-containing Rpts may be specialized to provide greater stability for the complex. The 19S also contains additional subunits that may stabilize the 19S-20S interaction (Bohn et al., 2010; da Fonseca and Morris, 2008; Kleijnen et al., 2007; Leggett et al., 2002) .
Recent crosslinking studies unambiguously confirmed the order of the 26S ATPases to be Rpt1-2-6-3-4-5 (Tomko et al., 2010) . This ordering of subunits produces an intriguing pattern in which the HbYX-containing (Rpts 2, 3, and 5) and non-HbYX (Rpts 1, 4, and 6) subunits alternate ( Figure 7A ). Therefore, according to the para-binding model, ATP would always bind to one HbYX subunit and one non-HbYX subunit ( Figure 7A ). Consequently, one gate-opening HbYX C terminus and one high-affinity non-HbYX C termini would be engaged with the 20S in all possible ATP-bound patterns. Therefore, in addition to accounting for the symmetry mismatch, this model with only two para subunits binding ATP and docking into the a ring at any one time could allow the hexameric ATPase to hydrolyze ATP cyclically and to drive protein unfolding while remaining associated with the 20S and opening its gate. This model thus integrates and can account for multiple features of the proteasome. Specifically, it explains how, despite the symmetry mismatch, rounds of ATP binding and hydrolysis occur and allow continuous association of the ATPases with the proteasome and opening of its gate for substrate entry while causing conformational changes in the rest of the ATPase molecule that drive substrate unfolding and translocation into the 20S for degradation.
EXPERIMENTAL PROCEDURES
Materials, Protein Expression, and Purification PAN, GFPssrA, Thermoplasma 20S (T20S), rabbit muscle 26S (R26S), LFP (Mca-AKVYPYPME-Dpa[Dnp]-amide), and [
14 C]methyl-casein were prepared as described (Smith et al., 2007) . Yeast 26S (Y26S) proteasomes were isolated using the Ubl affinity purification described by Besche et al. (2009) . ATP (99%), ATPgS (95%), and ADP (99%) were purchased from Sigma and were stored at À80 C until use. FITC-casein (Sigma) was dissolved in HEPES (50 mM [pH 7.5]) and loaded onto a P10 column (Amersham) to remove residual free FITC. ssrA and ddssrA peptides were synthesized at Tufts core facility (Boston, MA) and were dissolved in 50 mM HEPES (pH 7.5). Peptide concentration was determined by the absorbance at 280 nm. For polarization studies, peptides were reacted with a 100-fold excess of fluorescamine (Sigma) in amine-free buffer and were used within 2 hr of labeling.
ATPase Activity, 20S Gate Opening, and Protein Degradation Unless indicated otherwise, reactions with archaeal proteasomes were performed at 45 C, yeast proteasomes at 30 C, and mammalian proteasomes at 37 C. Hydrolysis of ATP was assayed by following the production of inorganic phosphate (Ames, 1966) . To measure 20S gate opening as described previously (Smith et al., 2005) , fluorogenic peptide substrates (dissolved in DMSO) were used at final concentrations of 100 mM for Suc-LLVY-AMC (Mammalian 20S), 20 mM for Suc-GGL-AMC (yeast 20S), and 10 uM for LFP (Thermoplasma 20S). [ 14 C]methyl-casein degradation was measured as described in Smith et al. (2005) and Benaroudj et al. (2003) .
Substrate Binding
Substrate binding to PAN was monitored by fluorescence polarization. Binding of FITC-casein was measured as described (Bö sl et al., 2005) . PAN was added to FITC-casein at the indicated concentrations in the presence of 1 mM ADP, ATP, or ATPgS, 10 mM MgCl2, and 50 mM Tris (pH 7.5). After 20 min (once maximal binding was obtained), fluorescence polarization was measured in a Spectramax Fluorstar M5 plate reader (494 nm excitation; 515 nm emission). For the 26S proteasome, FITC-casein binding was measured in a microcuvette on a Varian Carry Eclipse Fluorometer (4 nM bovine liver 26S and 4 nM FITCcasein) with the indicated concentrations of ATPgS and 10 mM MG132 to prevent degradation. GFPssra polarization was measured as described (Park and Raines, 2004 ) using 390 nm (excitation) and 595 nm (emission) wavelengths.
Nucleotide Binding
To determine the number of nucleotides bound to PAN, a-32 P ATP (MPBio, 25 Ci/mmol) was incubated with PAN (0.4 mg/ml) at room temperature. PAN and the bound nucleotide were separated from the free nucleotide by centrifugation through a Sephadex G50 column as described by Menon and Goldberg (1987) . The recovery of PAN was estimated by assaying its ability to stimulate LFP degradation by T20S, as described (Horwitz et al., 2007) and by the Bradford assay. To identify the nucleotide present in the protein fraction, 2 ml of the eluate was spotted on a silica TLC plate (Silica gel with 254 nm fluorescent indicator, FLUKA) and resolved using a mixture of dioxane:NH 4 OH:H 2 O (6:2:9) (Fontes et al., 1998) . The position of ATP and ADP was determined by fluorescence and phosphoimaging of the TLC plates. ATPg 35 S binding to PAN was measured as described (Horwitz et al., 2007) . The number of ADP molecules bound per PAN hexamer was measured using 14 C-ADP (Amersham, 60 mCi/mmol) at 500 mM. Protein recovery was estimated using the Bradford assay. Mant-ADP binding was monitored by following fluorescence at ex 365/em 445 nm on a Varian Carry Eclipse in a microcuvette. The reaction was run at 37 C in 50 mM Tris with 1 mM Dtt, 10 mM MgCl 2 , 5% glycerol, and 5 mM PAN with the indicated concentrations of nucleotides. Fluorescence was monitored and the data collected in real time. The addition of competing nucleotides and mixing required 1-2 s. The raw data were fit to a standard double exponential decay curve using sigma plot.
Surface Plasmon Resonance
The formation of the PAN-20S complex was monitored by Surface Plasmon Resonance with Biacore 2000 apparatus (BIAcore AB, Sweden). His-tagged 20S was immobilized on the Ni 2+ -nitrilotriacetic acid (NTA) chip. First, 10 ml of 500 mM NiCl 2 in eluent buffer (0.01 M HEPES, 0.15 M NaCl, 50 mM EDTA, and 0.005% surfactant P20 [pH 7.4]) was injected onto the surface. Then, 80-120 ml of 12 nM 20S in eluent buffer containing 20 mM imidazole was injected for 8-12 min (flow rate 10 ml/min). After immobilization, the buffer was changed to buffer A (50 mM HEPES [pH 7.5] with 1 mM DTT, 5 mM MgCl 2 , 50 mM EDTA, and 20 mM imidazole). To monitor the nucleotide requirement for the binding of PAN to 20S, PAN in the presence or absence of the indicated nucleotide concentration was injected for 150 s at flow rate of 30 ml/min at 20 C. The surface was regenerated between experiments by injection of 0.35 M EDTA (pH 8.3). The data analysis was carried out using the BIAevaluation 2.0 software.
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